Abstract Strong lensing is one of the most spectacular views in the universe. Many cosmological applications have been proposed, but the number of such lensing systems is still limited. In this work, we applied an improved version of a previously developed spectroscopic lensing search method to the SDSS-III BOSS and proposed a list of highly possible candidates. Follow-up CFHT Megacam imaging observations were performed for five systems, and two out of five are probably strong lensing systems with at least one image close to the central galaxy, although no counter images are detected.
INTRODUCTION
Strong galaxy-galaxy lensing produces multiple, distorted images of a background galaxy through the gravitational field of the foreground galaxy. It was first suggested by Zwicky (1937a) for galaxy-clusters, and the first discovery of a galaxy-scale lens was made by Walsh et al. (1979) . The development in optics has led to a rapid increase in the number of strong lensing system discovered. As in 2010, the total number of confirmed strong gravitational lensing by galaxies was approximately 200 (Treu 2010) .
A number of methods have been utilized to discover strong gravitational lensing by galaxies. These include manual or automatic inspection of high-resolution images from optical or radio telescopes (Hogg et al. 1996; Ratnatunga et al. 1999; Browne et al. 2003; Fassnacht et al. 2004; Moustakas et al. 2007; Faure et al. 2008; Jackson 2008; Marshall et al. 2009; Wang et al. 2017) , employing citizen science (More et al. 2016) or machine learning (Joseph et al. 2014; Bom et al. 2017; Jacobs et al. 2017; Petrillo et al. 2017; Lanusse et al. 2018 ) approaches in sky surveys, detection of emission lines in optical spectroscopy with emission from foreground galaxy removed (Warren et al. 1996; Bolton et al. 2006; Oguri et al. 2006 Oguri et al. , 2008 Brownstein et al. 2012; Shu et al. 2017) , examination of 2D distribution of redshift in a small region with integral field unit (IFU) or high-resolution spectrograph (Zepf et al. 1997; Bolton & Burles 2007; Brammer et al. 2012) , and detection of variability in time-domain (Pindor 2005) . Compared to other methods, spectroscopic methods have the advantage of being able to obtain the spectroscopic redshift of both the lens and the source galaxies and the velocity dispersion of the lens galaxy, but lensing system discovered by these methods often require imaging confirmations from optical telescopes.
Many physical implementations could be found in strong lensing by galaxies. Strong gravitational lensing is an indispensable tool in the measurement of the projected mass distributions of galaxies, 1. A selection on the type and class of objects is performed to remove QSOs and stars from the sample since we are only interested in galaxy-galaxy lensing. 2. Galaxies whose redshift could not be determined (zwarning = 0) are removed. 3. Spectra glitches and strong sky emission lines are masked. Residual spectra with unusual high SNR are removed due to possible incomplete template subtraction. A list of all masked lines is provided in Table 1 . 4. Peak search is performed by maximum-likelihood estimator of a Gaussian fitted to the data (Bolton et al. 2006 ) with A = 1.2 and σ = 30km/s. Peaks with SNR > 6.0 are accepted. 5. A single Gaussian, as well as double Gaussians with same width are fit at each accepted peak, and their reduced chi-square were compared. The one with smaller value is stored. 6. Peaks with wavelength λ > 9200Å are rejected to remove contamination from sky emission lines. 7. Remaining peaks are ranked according to the stored chi-square and only the smallest five ones are kept if there are more. If no doublet remains, the object is labeled as non-lensing system. Otherwise move on to the next step. 8. Emission from adjacent fibers are compared and labeled as non-lensing if contamination is confirmed. See the next paragraph for details. 9. Assuming the detected peak is the [OII] In the BOSS spectrometer setup, photons coming from each fiber are stored in different pixels on the CCD. However, a strong emission line from one fiber might affect nearby pixels, causing a spike, which would be mistaken as a peak by the peak detection program, at the same wavelength in the observer frame.
Step VIII is designed to minimize the possibility of such false detection. Reduced Over dense in ORF 6600(1+z l ) 6740(1+z l ) Over dense in LRF spectra from the previous and next fiber are extracted and double Gaussians are fit at the same position of the peak in the current fiber. The ratio of flux of emission lines between current one and adjacent ones are computed, and plotted. A number of randomly selected spectra are examined by eye and classified into two categories: contaminated by nearby fibers or not. We decided that a cut at x + y < 0.6, where x is the ratio of flux between the current fiber and the previous one and y is that of the next one, is appropriate since we can get rid of > 95% the contamination while still achieving a high completeness.
Post-processing
Post-processing is traditionally done by human, but due to the size of our data set, it is necessary to automate the process. Analyzing the candidates that pass through the primary selection steps described above, we found out that there are mainly three sources of false positives: sky emission lines and bad foreground template subtraction, low-z objects, and faint objects at given redshift bin. Here are the steps of our post-processing. Candidates with σ v = 0 or 850 km s −1 are also removed, since these two values indicate problematic fitting of velocity dispersion in the pipeline of BOSS. 5. Candidates with estimated Einstein radius R E < 0.5 are removed due to high (> 90%) false positive rate reported by Bolton et al. (2008) 6. Remove all previously confirmed lensing system from the list (see 3 for more discussions), and save the first 100 candidates into a highly possible candidate list. Visual inspections of template subtraction are preformed on them to ensure that no bad template fitting occurred in BOSS spectroscopic pipe line.
Sky emission and residual emission from foreground
Sky emission lines and residual emission lines from foreground galaxies would cause false detection due to their strong intensity. Although it is hard to remove them with information from a few fibers, they will appear as overdense regions when looking at the histogram of the wavelength of the OII doublets of these candidates in observer rest frame (ORF, Figure 1 ) and lens galaxy rest frame (LRF, Figure 2 ). In the observer rest frame, the median number of candidates per bin med = 29 (solid line) with standard deviation σ = 33.5. Therefore, we remove candidates whose wavelength of OII doublet lies in bins with number of candidates > med + 2σ = 96 (dash line). The corresponding wavelength range is listed in Table 2 . In the lens galaxy rest frame, contamination removal is performed by comparing over dense regions with a list of galaxy emission lines. We noticed an extreme dense region between 6660Å and 6740Å. We believe that two reasons might lead to this phenomenon. First, emission lines [SII]λ6716 and [SII]λ6730 are within the region and are likely to be falsely detected as source galaxy OII emission line. Second, some galaxies have really strong and wide [Hα]λ6562 emission and the BOSS pipe line might have trouble fitting and subtracting it completely, so the leftover emission might be picked up by the Primary Selection program and identified as OII doublet of the source galaxy. The corresponding wavelength range is listed in Table 2 .
Low redshift objects and Faint objects
A number of objects targeted by BOSS have redshift z < 0.1, which are unlikely to become strong lensing systems. However, these objects tend to be bright and since the template could not cover every small emission lines, they take up a large proportion of candidates. Therefore, all candidates with redshift z < 0.1 are removed in the last step. This could be confirmed by plotting redshift z versus selection ratio ( Figure 3 ). The rise in the selection ratio at z > 0.8 is due to the limited number of objects in high redshift. A similar cut in redshift can also be found in both SLACS (Bolton et al. 2006 ) and BELLS (Brownstein et al. 2012 ).
Faint objects are usually believed to be less massive when compared to bright objects with similar redshift. Therefore, it is less likely for faint foreground objects to act as lens. From Figure 4 , we empirically removed candidates with I-band magnitude after extinction correction magI − 1.698ebv > 22, where ebv is the extinction correction. This threshold is chosen due to two reasons. First, there is a sharp drop in the number of candidates, and secondly, as presented by SLACS and BELLS, no candidate with I-band magnitude fainter than 22 is selected. 
SELECTED CANDIDATES
A total number of 2388 plates are in SDSS BOSS, and in each plate there are 1000 fibers. Target selection by object type and class returns 1500002 galaxies. Brownstein et al. (2012) have already checked several hundred plates, so these plates are excluded from counting the number of candidates. Thus we would only run the selection algorithm on 1380002 galaxies. After running through the steps in Section 2, the number of candidates is 396. The detailed numbers of candidates remaining and left after each step are presented in Table 3 . The distribution of the position on the sky, lens galaxy redshift (z l ) and source galaxy redshift (z s ) of candidates are shown in Figure 5 , Figure 6 and Figure 7 , respectively. We can conclude that there is no significant bias across the sky. Cutouts from existing surveys (DECals, CFHTLS, and HSC) have also been acquired and examined, but none is capable of reaching a definitive conclusion that whether they are strong lensing systems or not.
Here we compiled a list of highly possible candidates catalog in Appendix A. Unusually high selection ratio could be observed at z < 0.1. Therefore, objects with lens galaxy redshift less than 0.1 are much more likely to be false positives and are removed from the candidate list.
FOLLOW-UP OBSERVATION WITH CFHT MEGACAM
All candidates have been checked to see if there is any existing HST coverage. However, none of them has available HST images. The final confirmation of strong lensing system requires imaging data from telescopes. Therefore, we applied CFHT Megacam telescope observation time through Telescope Access Program (TAP). Canada-France-Hawaii Telescope (CFHT) is a 3.6m telescope located at Mauna Kea, with average seeing of ∼ 0.6 . Megacam is the wide-field optical imaging facility at CFHT, with 36 CCDs covering 1x1 square degree field-of-view.
Observation details
Due to limited observation time, we only chose the 5 candidates that are visible in September 2018.
Since the average seeing of CFHT is ∼ 0.6 , all chosen targets have estimated Einstein radius greater than 0.6 , with three targets close to 1.0 and two targets close to 1.5 . Since no existing high resolution imaging data is available for these targets for exposure time calculation, the brightness of the distorted source images is estimated with data provided in Brownstein et al. (2012) , given both our and their targets are selected with SDSS-III BOSS spectra with similar methods. We found that exposure time of 150 seconds is enough to achieve SNR = 10. 7 images are taken for each target each band, resulting in a total exposure time of 160 sec × 7 = 1120 sec per band per target. Since the seeing might not be good enough to clearly separate the arcs and rings from the lens galaxy, we believe that color images might increase our chance of confirmation since there is often color difference between the lens galaxy and the source galaxy (usually bluer). Therefore, we requested images from three bands: g, r, and i. Their spectra, detected emission lines and CFHT false color (gri) images are shown in Figure 8 - Figure 12 . Detailed information about these 5 systems are shown in Table 4 . The distribution of candidates on the sky. We can conclude that the distribution is uniform, with no significant bias across the sky.
CFHT observation results
Images from CFHT Megacam are processed by following the steps described below: Star and galaxy Catalog was first generated with SExtractor (Bertin & Arnouts 1996) Bertin (2006)) for astrometric calibration and photometric calibration. Then all images of the same band of the same target were coadded with SWarp (Bertin et al. 2002) . Cutouts were made and combined into false color (gri) images for visual inspection, as illustrated from Figure 8 to Figure 12 . Each cut out is 5.58x5.58 arcsec 2 . From these images, we can conclude that SDSS J012832.31−023500.0, SDSS J012903.47+035901.7 and SDSS J015102.97+042013.1 are not strong lensing systems, and SDSS J004617.02+252041.5 or SDSS J231904.19+193242.4 are strong lensing candidates. In the images of these two targets, we clearly detect one distorted source galaxy image, but their counter images are probably out-shined by the central galaxy. Further investigation will be discussed in the next section. Figure 8 for description of the layout of the figure.
DISCUSSION
As discussed in Section 4, due to limited seeing, none of the 5 systems have an image with clear separation. However, for 2 of them, SDSS J004617.02+252041.5 and SDSS J231904.19+193242.4, we capture one clearly separated source image, which could reveal more information about the system and provide us with a reasonable estimation of the position of the counter-image. Using GALFIT (Peng et al. 2010) , we successfully removed the lens galaxies for these two systems and obtained the position of the visible source image with fitting. With a simple Singular Isothermal Sphere (SIS) model, we estimate the separation of their counter-image to their respective central galaxy, shown in the images corresponds to 0.187 on the sky. Since the distorted source images are only slightly larger than ten pixels, the magnitude estimation by GALFIT has very large errors and are not included. Given the average seeing of these images are 0.55", it is safe to conclude that the lens galaxy could easily outshine the counter-image, although with better seeing condition, such as HST or Keck, it would be easy to detect distorted counter-image of the source galaxy. Brownstein et al. (2012) published a catalog of 36 confirmed strong lensing candidates confirmed by HST. We cross checked our results with their list, and we recovered 30 of theirs. The other seven are lost since we are more conservative in our selection algorithm. A number of candidates inside the BELLS catalog have [OII]λ3727, 3729 doublet beyond 9200Å in the observer frame, which are discarded in our selection algorithm for lowering overall contamination rate. Since the final confirmation of strong lensing system always requires long exposure time from best telescopes, we consider the 80% recovery rate as acceptable.
The ratio of discovered strong galaxy-galaxy lensing system candidates discovered by the algorithm is 0.029%, which is considerably lower than the theoretical estimation by Dobler et al. (2008) who gives a value of 0.5% to 1.3%, and the lensing probability in SLACS (Bolton et al. 2006) , which is about 0.1%. However, this value is comparable to the ratio of BELLS, which is 36/133852 = 0.027% (Brownstein et al. 2012) . The reasons of this lowered lensing probability compared to previous searches and theoretical estimation are two-folds. Firstly, the diameter of the fiber is reduced from 3 to 2 , and according to Dobler et al. (2008) , the selection effect introduced by finite fiber size plays an important role in limiting the maximum number of strong galaxy-galaxy lensing system that could be discovered. Secondly, we only considered those candidates with more than one emission line and with a large enough estimated Einstein radius, which would also remove many of the potential strong galaxy-galaxy lensing systems.
CONCLUSION
In this work, we applied similar selection algorithm to the entire SDSS-III BOSS galaxies and were able to automate many steps that were used to be manually done in Brownstein et al. (2012) . During this process we also generated a list of 100 highly possible candidates. Follow-up CFHT observations were preformed on five targets, with two of them being potential strong lensing systems. Although only one distorted image can be seen and its counter images probably outshined by central galaxy, we are able to confirm that they are two galaxies detected at different redshift. Assuming these are strong lensing systems, we are capable to calculate the position of the source image closer to the central galaxy and they could not be clearly resolved under the seeing with CFHT. Further follow-up with telescopes with higher resolution power, such as Keck or HST, might be able to clearly reveal the true nature of these systems.
Faced with limited seeing, one can extend the list of confirmation of candidates with Hubble Space Telescope and Keck AO. As indicated in Brownstein et al. (2012) , the complete BOSS galaxy sample is estimated to produce at least a few hundred strong lenses, which, if confirmed, would greatly increase the amount of galaxy-galaxy strong lensing systems known. With a larger number and higher quality imaging data, we plan to apply more complicated lens modeling, such as SIE Lens Models with Sersic Strong galaxy-galaxy lensing in SDSS-III BOSS 13 source models described in Bolton et al. (2006) and Brownstein et al. (2012) , to shed light on the evolution of the relationship between stellar mass, luminosity and galaxy structure.
Appendix A: HIGHLY PROBABLE CANDIDATE LIST Table A .1: A list of top-100 candidates from the selection algorithm. The first and second column are the Right Ascension (RA) and Declination (Dec) in J2000, respectively. The third column is the plate number (Plate), modified Julian date of the spectra observation (MJD), and fiber id of the target (FiberID). The fourth column, z l , is the redshift of the lens galaxy, which is calculated by the BOSS pipeline. The fifth column, z s , is the estimated redshift of the source galaxy, assuming the detected peak is the OII doublet. The sixth column is the velocity dispersion of the lens galaxy measured by BOSS pipeline using the width of emission lines. The seventh column, R E ("), refers to the estimated Einstein radius with SIS model in arc-seconds, assuming H 0 = 70 km s −1 Mpc −1 and Ω m = 0.3. The eighth column, I, is the i-band magnitude of lens galaxy measured by SDSS photometry with extinction correction applied.
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